The effect of the Southern Oscillation on daily precipitation in the southwestern United States is examined by using the Southern Oscillation Index (SOI) to perturb parameters of a stochastic daily precipitation model. Daily precipitationis modeledwith a Markov chain-mixedexponential model and seasonal variability of model parameters is described by Fourier series. The hypothesized linkage betweenthe SOI and the model parameters is of the form G( (N, t) 
Introduction
The coupled atmosphere-ocean system exemplified by the El Nino-Southern Oscillation (ENSO) and its impact on weather and weather-related phenomena has recently been the subject of much scientific interest. Several studies have shown statistical relationships between ENSO and weather patterns and precipitation [Caviedes, 1975 [Caviedes, , 1984 Yarnaland Diaz, 1986; Andrade and Sellers, 1988; Kiladis and Diaz, 1989; Ropelewski and Halpert, 1986 , 1987 , 1989 Schonher and Nicholson, 1989; Redmond and Koch, 1991] . Others have investigated the relationship between ENSO and precipitation dependent phenomena such as tree growth [Lough and Fritts, 1985] , fire scars [Swetnam and Be tancourt, 1990] , and floods [Webb and Betancourt, 1990] .
Stochastic models of daily precipitation with annually periodic parameters usually do not preserve the variances of monthly and annual precipitation [Buishand, 1977; Zucchini and Adamson, 1984; Woolhiseret al., 1988] . This character istic underestimation may be due to real long-term trends in precipitation, changes in data collection techniques or in rain gage exposure, model inadequacies, and/or the existence of large-scale atmospheric circulation patterns that do not exhibit annual periodicities. The Southern Oscillation (SO) is an example of such a pattern and is defined as "... a coherent variation of barometric pressures at interannual intervals that is related to weather phenomena on a global scale, particularly in the tropics and subtropics" [Enfield, 1989, p. 161] . The SO is quantitatively described by the SOI, the time series of the anomalies of atmospheric pressure differences between Papeete, Tahiti, and Darwin, Australia.
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Paper number 92WR02536. Techniques to identify ENSO effects include (1) regres sions between annual or seasonal precipitation for groups of stations and SOI and (2) testing for differences in the mean precipitation between years classified as ENSO or non-ENSO. Woolhiser [1992] proposed a new technique to identify ENSO effects on precipitation. The essence of this method is to use the SOI as a function to perturb the parameters of a stochastic daily precipitation model. In this model the occurrence of wet days is described by a firstorder Markov chain, the distribution of precipitation depth, given a wet day, is described by a mixed exponential distribution, and Fourier series are used to describe seasonal variations in the five parameters required. In a preliminary study Woolhiser [1992] detected SOI effects on the dry-dry transition probabilities of the first-order Markov chain for four Arizona stations and two Idaho stations but did not detect an effect for two Idaho stations and three Oregon stations. However, he did find significant effects on the mean daily precipitation (given a wet day) for all stations. The effects in the Southwest were opposite of those in the Northwest with negative SOI (El Nino) leading to more frequent precipitation and increased depths of daily precip itation in Arizona. The most frequent lag was about 90 days with the SOI leading precipitation. Horeland Wallace [1981] have pointed out the existence of a lagged connection between the tropical Pacific and higher latitudes in a model atmosphere.
The objective of the research reported here was to use the procedure suggested by Woolhiser [1992] to analyze SOI impacts on precipitation in the southwestern United States including stations in California, Nevada, Arizona, and New Mexico.
Model of Daily Precipitation

Occurrence
We will assume that the daily occurrence of precipitation can be described by a first-order Markov chain. Let X(t) = 0 if day t is dry
if day / has rain equal to or greater than a threshold, d
Let the daily transition probabilities be written as
Because Pi0(t) + Pn(t) = 1, only two parameters are required for each day. P0o(0 and P\Q(t) were used in this study.
Amount
Let Y(t) be the amount of precipitation on day / when X(t) = 1. We assume that Y(t) is serially independent and is also independent of X(t -1). Let the random variable U(t) =
Y(t) -d be distributed as a mixed exponential (ME) f,(u) = a(t)/B(t) exp [-utp(t)] + [\-cc(t)]/8(t)exp[-u/8(t)} (3)
where 0<«<°°,rfisa threshold (normally 0.01 inch or 0.25 mm), 0 < a(t) < 1, and 0 < /3(f) < 8(t). The mean fi(t) is given by
and the variance is
a2(t) = 2a(t)B(t)2 + 2[1 -a(t)]8(t)2 -{a(t)B(t) + [\-a(t)]8(t)}2 (4b) Seasonal Variability
To account for the seasonal variability of the parameters of the Markov chain-mixed exponential model, the parame ters p0o(t), pi0(t), a(t), B(t), and ix(t) are written in the polar form of a finite Fourier series: mi G((t) = Gi0 + 2 lC.a-sin (27rrAr/365 + <f>ik)] (5) k= 1 where / = 1, 2, • • • , 5, Gt(t) is the value of the /th parameter on day r, m,-is the maximum number of harmon ics, GiQ is the mean, Cik is the amplitude of the kth harmonic, and <bik is the phase angle of the kth harmonic for the /th parameter.
So that constraints need not be imposed, the logit trans form of the transition probabilities are fit with Fourier series as demonstrated by Stern and Coe [1984] and Zucchini and Adamson [1984] : Gi(N, t) = Gi(t) + bfS(N, t -t,-) (8) where G((N, t) is the perturbed parameter i on day / of year N, and the coefficient b( and the lag in days t, are parame ters to be estimated from the data and S(t) is the SOI on day /. The logits of both Markov chain transition probabilities, g00(t) and flfi0(/), and the mean of the ME, fi(t), were assumed to be affected by the SOI. All perturbations in the mean p,(t) were transferred to the parameter S(t), which can be interpreted as the mean of the largest exponential distri bution in the mixture. From (4a) and (4b) we note that an increase in fi(t) due to perturbation by the SOI will also lead to an increase in the variance o~2(t).
Identification ofparameters. The parameters were iden tified in a two-stage procedure. First, the Fourier coefficients that describe the purely periodic seasonal variation of the parameters were estimated for each station. Then the SOI linkage parameters were estimated independently. The Fou rier coefficients for the logits, £0o(') and fl'ioC')' were est*" mated by maximum likelihood techniques as described in the appendix, and the coefficients for the ME parameters, a, B(t), and fi(t) were estimated by numerical maximum like lihood methods described by Woolhiser and Roldan [1986] . The parameter a was considered to be time invariant as they recommended.
By incorporating the SOI perturbations as given by (8) the log likelihood function can be written as a function of the parameters b-t and t,. It can be shown that the log likelihood functions for the dry-dry transitions are independent of the log likelihood functions for the wet-dry transitions [Wool hiser and Pegram, 1979] . Thus the parameters ib0o» bXQ, Too» tio» bp, and t^can be estimated by a series of three bivariate optimizations.
Analysis of Data
Daily precipitation data were obtained for 27 stations in California, Nevada, Arizona, and New Mexico. They were chosen to provide a sharp contrast between the Mediterra nean climate of southern California and the predominantly summer precipitation regime of eastern New Mexico. They also sampled a wide range in elevation and mean annual precipitation. Station locations are shown in Figure 1 , and a list of the stations, station elevations, and some statistical characteristics of the precipitation regimes are shown in -5,877.764 -5,149.836 -6,028.583 -7,584.766 -3,306.461 -8,036.973 -8,110.575 -6,861.882 -4,140.268 -3,923.870 -4,142.630 -1,717.268 -7,641.140 -7,848.420 -3,269.061 -5,153.902 -4,985.657 -6,763.485 -4,024.504 -7,777.478 -8,472.088 -5,107.768 -8,245.569 -8,305.203 -8,547.185 -7,597.107 -6,339 Table 2 , columns 3-5. Only lags of multiples of 30 days were examined in the algorithm to search for the maximum likelihood function of bt and t,-. The Akaike information criterion (AIC) [Akaike, 1974] was used to determine if the SOI perturbations led to significant in creases in the log likelihood functions. The increase in log likelihood due to SOI perturbations led to a minimum AIC for 23 of the 27 stations. The four stations not showing an increase are located in the same geographic area near the Sierra Nevada mountains. In all but one case (Socorro, New Mexico) the optimum coefficient bm ranges from +0.08 to +0.19, but is remarkably consistent from southern California to eastern New Mexico in spite of differences in annual precipitation, elevation, and seasonal patterns. The sign of the coefficient indicates that a negative SOI leads to an increase in the number of wet days. The optimum lag ranges from 0 to 360 days with 90 days being the most frequent value. There is a tendency for longer lags for the California stations. At each location where a significant increase in the log likelihood function was detected, several different lag values produce significant, if not optimal, increases. A 90-day lag resulted in significant increases at 19 of the 23 locations. Perturbing blQ did not result in significant in creases in the log likelihood function. Thus for negative SOI, a dry day is more likely to be followed by a wet day, but there is no increase in the probability of a wet day following a wet day. Also, the square of the SOI was used as the perturbing factor for five stations, but this resulted in lower maximum likelihood functions for most cases.
Results of perturbing the seasonally varying mean of the mixed exponential distribution, p.(t), are shown in Table 3 (third, fourth, and fifth columns from the left). Generally, for the 18 locations having a significant increase in the log likelihood function, the coefficients b^are negative, which means that with a negative SOI (El Nino condition) the mean and the variance of daily precipitation increases. Two loca tions, both in the Sierra Nevadas, have positive coefficients indicating decreased daily mean precipitation, a condition found previously at northwestern United States sites [Wool- [1986, 1989] , Schon her and Nicholson [1989] , and others have dealt only with winter precipitation. Cayan and Peterson [1989] show that ENSO years tend to be characterized by split flow in winter, with the polar jet crossing the coast in Alaska, and a subtropical jet from the Pacific crossing the southern United States. In "anti-ENSO" years the main jet crosses the Pacific Northwest.
Based on the above we would anticipate that the inclusion of b0Q and bp as constants for all months in the analysis would tend to weaken the strength of the SOI-MCME connection. To examine this factor we recalculated the log likelihood functions assuming that the coefficients b00 and bp successively took on 0 values during each of the 12 months of the year. If the SOI did not influence the precip itation regime for a given month (or if the optimum value for a given month is smaller than the optimum yearly value), we would expect an increase in the log likelihood function if the effect is removed by equating the appropriate monthly coefficient to zero. We performed this analysis for all sta tions. The changes in the log likelihood functions achieved by setting bQ0 to 0 for each month for Riverside, Flagstaff, It is apparent that the SOI perturbation of goo(t) leads to increases in the log likelihood function for most of the year for most of these stations. The effects in February and March are particularly strong. On the other hand, the SOI perturbation is ineffective at Riverside for the period April through July. This coincides with the dry season in southern California. The large positive deviations in July are a striking feature. This pattern may reflect that the Gulf of Mexico is the predominant source of moisture for New Mexico and eastern Arizona in July, while air masses originating in the Pacific occur with increasing frequency in August, Septem ber, and October. November exhibits a small, but consis tent, negative deviation, while December and January have a preponderance of negative deviations.
Results of this seasonal analysis of the SOI impact on the Markov chain for all stations are shown in Table 2 (four rightmost columns) and are displayed in Figure 3 . It is evident that there is a great deal of spatial coherence in the strength of the SOI impact as evidenced by the increase in log likelihood and also the seasonal pattern of the SOI effect.
There is no clear evidence for an elevation effect either on the strength of the SOI perturbation or its seasonal pattern. The deviations of the log likelihood function due to setting the coefficients^to 0 for each month for Riverside, Flagstaff, Tucson, Walnut Gulch, and Albuquerque are shown in Figure 4 . Again, the preponderance of deviations are negative, indicating that the mean daily precipitation is related to the SOI. However, the pattern of deviations is somewhat different with negative deviations for all stations in August, September, and October. The three Arizona stations exhibit positive deviations for the period April to June and negative deviations in December and February.
Results of this seasonal analysis of the SOI impact on the mean of the mixed exponential for all stations are shown in Table 3 (four rightmost columns) and are displayed in Figure  5 . It is evident that there is some spatial coherence in the strength of the SOI impact as evidenced by the increase in log likelihood but the seasonal pattern of the SOI effect has little spatial coherence. There is no clear evidence for an elevation effect either on the strength of the SOI perturba tion or its seasonal pattern.
A where the empirical distribution functions for the probability of precipitation, Figure 2 . Historical values of the SOI with a 90-day lag were used to perturb G00, and it is clear that these perturbations lead to substantial variation in Px. Because of the nonlinear nature of the logit transform, the absolute variations in p00(r) are greater when the unperturbed value is close to 0.5 than when it is near 1.
Discussion and Conclusions
The principal objective of this study was to determine if the procedure proposed by Woolhiser [1992] could detect effects of the SOI on the daily precipitation regime in the southwestern United States. If the technique resulted in the detection of regionally consistent and physically plausible effects, it could lead to important developments in water management because it offers the possibility of performing precipitation simulations conditioned on past records of SOI. Such simulations, conditioned on the past 90 day records of the SOI, could be carried out for 90 days in the future or possibly longer if the SOI can be predicted [Chu and Katz, 1985] . Wilks [1989] presented an approach whereby the 30-day precipitation forecasts of the Climate Analysis Center of the NOAA can be used for conditional precipitation simulations. It might be fruitful to investigate a combination of Wilks [1989] approach and the techniques outlined in this paper.
On the basis of our analyses we conclude that the tech nique which uses the SOI to perturb parameters of a sto chastic daily precipitation model is effective and has several advantages over previously used methods. It explicitly iden tifies SOI effects on the frequency of precipitation and on the amounts of precipitation given occurrence. It has a much higher time resolution than previously used methods which typically use seasonal or annual data. This feature allows a more detailed investigation of seasonal effects and may help in relating physical processes to statistically determined SOI-precipitation linkages. Because single stations are used, it is possible to investigate the effect of elevation on these associations. Simulated precipitation sequences with model parameters perturbed by the SOI exhibit greater monthly and annual variances than those simulated with purely periodic parameters. However, it appears that these variances are still underestimated. Additional perturbing factors such as deviations of previous 30-day precipitation from the mean [Wilks, 1989] or possible deterministic cycles [Currie and O'Brien, 1990] should be investigated.
The effects of the SOI on precipitation are consistent with analyses made by previous investigators but provide higher temporal and spatial resolution. Also, this method does not rely on somewhat arbitrary schemes to classify years as The approach used to estimate the Fourier coefficients describing the seasonal variation of the parameters of the first-order Markov chain is identical to that used by Zucchini and Adamson [1984] and is closely related to the method used by Stern and Coe [1984] . Consider M years of obser vations of precipitation on days t and / -1. The probability mass function of the number of dry days on day / given that day / -1 was dry can be described by the binomial distribution. Therefore the likelihood function for the drydry transition probabilities can be written
/ v too=n x;,jI'wo'^'fi-PooW]'v'>('-,)-A"•°<',
where ND(t -1) is the number of dry days on day / -1 in M years, NDD(t) is the number of dry-dry transitions from day / -1 to day /, and pQQ(t) is the probability of a dry-dry transition from day / -1 to day /. The log likelihood function can be written as 
Ba, daj
Note that aG00(/)/3a; = </>,(/).
The Newton-Raphson procedure has proven to be effec tive in solving the simultaneous equations. Starting values for the coefficients are obtained by least squares fitting of Fourier series to logits calculated from estimates of p0o f°r 26 periods of 14 days each (15 days in the last period). We have used five harmonics (11 parameters) to describe G0o(0 • Missing data on either day t or t -1 were ignored in determining ND(t -1) and NDD(t).
